The wide use of digital dentistry in fixed prosthodontics using 3D printers and CAD/CAM in fabricating crowns and partial fixed dental prosthesis created a need for more information about their marginal gap and internal fit.
INTRODUCTION
With the new era of advanced digital dentistry, patterns fabrication based on high technology such as subtractive milling with Computer Aided Designing/Computer Aided Manufacturing (CAD/CAM) systems or additive manufacturing with 3D printing can be carried out. 1 CAD/CAM systems main concept depends on computer aided designing and then computerized controlling of the milling machine to produce the final restoration. 2 While Additive production based on dissembling the 3D CAD design into multi-slice images and make uninterrupted 5 to 20 layers for each millimeter of material, which are reunited to achieve the designed shape. 3, 4 Lithium disilicates gained its reputation because of their superior aesthetics, adhesive bonding ability, and their precise marginal fit. 5, 6 These restorations are typically fabricated from wax pattern by using CAD/CAM technology or heat pressing. But the question here what could direct a clinician to make CAD/CAM wax patterns to generate a heat pressed lithium disilicate crowns if they can directly manufacture milled crowns from lithium dislicate CAD blocks by the same CAD/CAM machine. Many reasons might arise answering such a question, but the clearest reasons are the higher cost of CAD/CAM fabricated crowns compared to the heat pressed crowns from a CAD/CAM wax patterns, also the researches that concluded pressed crowns had evidential better marginal adaptation than which made with CAD/CAM method. 7 Marginal accuracy is considered as one of the main requirements to assure a long term successful restorations. Leakage may cause biologic, mechanical or aesthetic hinderances. 8, 9 Most researchers utilized the standards initiated by McLean and Von Fraunhofer who stated that clinically accepted interface dimension is less than 120 μm. 10 However, other researchers reported values in the literature from 50-200 μm. 9, 11, 12 There is no standardization due to many various methodologies used to assess the marginal accuracy. 13 Measuring the marginal fit can be done directly or indirectly. 14 One of the conservative techniques in addition to its superior magnification that gives adequate findings of the marginal and fit variance is the scanning electron microscope (SEM).
Consequently, in this study two types of lithium disilicate fabrication techniques (CAD/CAM technology and heat pressing) for the molar region were used. For heat pressing, two pattern fabrication techniques (milled waxing and 3D resin printing) were selected. This study was plotted to explore the vertical marginal gap of additive versus subtractive fabricated posterior lithium disilicate crowns and the internal fit parameters derived by SEM. The expected null hypothesis was that 3D printing could be statistically significant lower than subtractive (W and P) before heat pressing (P ≤ .05). After heat pressing, Pp group showed the significantly highest median gap of 195 μm (138.9-441.5) with no significant difference between M and Pw groups (P ≤ .05). Pw group showed a significant decrease in median gap, and Pp group showed no significant decrease after pressing (P ≤ .05). fabrication techniques in the vertical marginal gap and internal fit.
MATERIAL AND METHODS

Sample grouping
Sample size was calculated based on large effect size (f = 0.838), alpha error probability of (α = 0.05), power (1-β err prob = 0.2) using the formula from the results taken from the previous studies. The P value set at 0.05 for the study. A total of 50 mandibular first molar tooth experimental models were used in this study and divided randomly according to tested groups ( Table 1 , 2). Sample size calculation was performed using a statistical power analyses software (G*Power Version 3.1.9.2, Heinrich Heine University Düsseldorf, Germany).
Abutment tooth preparation and experimental model fabrication
To conduct this study, a lower master model (Model #R861; Columbia Dentoform Corporation, Long Island City, NY, USA) of an ivorine lower first molar was created. Silicon indices were obtained from the unprepared tooth and used to check preparation depths. 15 Tooth preparation was standardized to receive full coverage all ceramic crown with 12° as a total convergence angle, a rounded shoulder margin of 1.0 mm thickness circumferentially, an anatomical occlusal reduction of 1.5 mm from pit and fissure, an axial reduction of 1.0-1.5 mm and a preparation height of 3.0 mm. All sharp points and line angles were rounded off. 16 Fifty half-arch impressions were made for the prepared tooth with a polyvinylsiloxane impression material (President Coltène, Coltène/ whaledent GmbH, Germany) using one-step technique. The impression was inspected under fiber optic microscope 4x magnification for any tears or defects which if observed the impression was retaken again. Fifty epoxy resin models were fabricated accurately similar to the prepared abutment from the master model, on which the crowns were cemented using a dental epoxy resin material (Die Epoxy Type 8000 System, American Dental Supply, Inc, Allentown, PA, USA) that was blended following the manufacturer manual and was poured into fifty half arch impressions using one step technique. 17
Computer Aided Designing (CAD) of crowns and patterns
The epoxy resin dies were scanned and digitized by using extra oral scanner (in Eos X5; Sirona Dental Systems GmbH, Bensheim, Germany). The e.max CAD crowns, wax, and resin crown patterns were designed according to the manufacturer specifications by using a software (Sirona inLab SW15 software; Sirona Dental Systems GmbH, Bensheim, Germany) ( Fig. 1,2 ) The crowns and patterns were prepared with a cement space of 80 μm. After completion of the design, the standard tessellation language (STL) file was sent to the milling machine (Sirona MCX5, Sirona Dental Systems GmbH, Bensheim, Germany) to manufacture both the precrystalized e.max CAD crowns and wax patterns then it was sent to the 3D printer (Dent2 3D printer; Mogassam Co. LLC, Newark, DE, USA) to fabricate resin patterns.
Subtractive fabrication
After finishing the designing phase, lithium disilicate blocks (IPS e.max CAD, Ivoclar Vivadent, Liechtenstein), and wax blanks (DWAX -W14, DMAX Co.,Ltd.,Korea) were milled. Milled crowns (Fig. 3) , and patterns were finished and checked for fitting on the corresponding epoxy resin dies. Finished e.max crowns were then crystallized and glazed following the manufacturer manual by using a specific furnace (Ivoclar Vivadent P3010 furnace, Ivoclar Vivadent, Liechtenstein).
Additive fabrication
The same design STL file was sent to a 3D printer to produce the resin patterns (NextDent Cast, NextDent B.V., Soesterberg, Netherlands) by using the Digital Light Processing (DLP). An acrylic esters-based monomer was poured in the reservoir of the 3D printing machine. The machine was set up and printing was completed. Post curing with ultra violet (UV) light was done to ensure full polymer conversions following the manufacturer recommendation. Any support structures were removed and the printed crowns were finished ( Fig. 4 ).
Heat pressing
After wax milling and resin patterns printing, the patterns were sprued, invested and heat pressed by the lost wax technique using lithium disilicate ingots (IPS e.max press, Ivoclar Vivadent, Liechtenstein), following the instructions recommended by the manufacture. After pressing, crowns were subjected to air abrasion with 100 μm particles of aluminum oxides at 5 Mpa, 18 and the crowns were finished, glazed, and fitted to the corresponding epoxy resin dies ( Fig. 5 ).
Cementation of the crowns
The epoxy resin dies were sandblasted with 50 μm aluminum oxide particles (CEMAT NT4,Wassermann Dental Maschinen GmbH, Hamburg, Germany) at 2.8 bars for 13 sec at a distance of 10 mm, cleaned with water then dried with air. 19 The resinous wax and resin crowns were air-abraded with 50 μm alumina powder for 10 s at a pressure of 2 bar and a distance of 10 mm. 20 All ceramic crowns were etched with 9% hydrofluoric acid gel (Pentron Clinical Technologies, LLC, Wallingford, CT, USA) for 60 seconds, flushed with water, and dried with air. Each crown then cemented to its corresponding epoxy master die with a selfadhesive resin cement (RelyX Unicem, 3M, ESPE, St. Paul MN) that was mixed according to the fabricator specifications and seated on the prepared dies with especially designed static loading device of 10 kg for 10 minutes to ensure an effective flow of the cement, maximum adaptation of the abutments (Fig. 6 ), 21 surplus cement was cut off, and then the cement was light polymerized.
Marginal gap and internal fit assessment
Marginal gap was explored for both patterns and fully fabricated crowns on buccal and lingual surfaces by calibrating the vertical space between the restoration margin and the finishing line under SEM (Quanta 250 FEG Scanning Electron Microscope; FEI Company, Hillsboro, Oregon) with a magnification factor of ×300 ( Fig. 7-11 ). 22 ``A s the optical axis of the microscope needs to be perpendicular to interface to guarantee a repeatable projection angle because of the shape of the crowns, Nordrhein-Westfalen, Germany) and the cement thickness representing the focal length between the fitting surface of the crown and the prepared tooth surface of the sectioned samples was used to clarify the internal fit and was measured similarly to the marginal gap using SEM ( Fig.12 -16 ).
Statistical Analysis
Numerical data were investigated for normality utilizing Kolmogorov-Smirnov and Shapiro-Wilk tests. All data exhibited non-normal (nonparametric) distribution, they were showed as median and range values. Kruskal-Wallis test was applied to compare between the groups. Dunn's test was implemented for pair-wise comparisons. Wilcoxon signed-rank test was utilized to compare between gap values before and after heat pressing. The significance level was set at P ≤ 0.05. Statistical analysis was done using IBM (IBM Corporation, NY, USA) SPSS (SPSS, Inc., IBM, Armonk, NY, USA) Statistics Version 20 for Windows. 
RESULTS
Statistical results for marginal gap were summarized ( Table 3, 4) . Before heat pressing, at the buccal and lingual surfaces, there was no statistically evidential divergence between marginal gap for pattern groups (W and P) (P ≤ .05). However, regarding the total gap, there was a statistically fundamental change between the two groups where P group showed higher median value of 111.4 μm (80.8-139.7) (P ≤ .05). After heat pressing, at the buccal and lingual surface as well as total gap, there was a statistically evidential variance between the fully fabricated crown groups (P ≤ .05). M group showed the statistically significant highest median gap of 138.4 μm (83. 4-191.8 ) and there was no statistically fundamental change between Pw and Pp groups; both showed statistically significantly lower median value (P ≤ .05). Regarding the changes after heat pressing in Pw group, there was no statistically decreasing significance in median marginal gap at the buccal and lingual surfaces as well as for the total gap. While for the changes after heat pressing in Pp group, there was a statistically significant decrease in median marginal gap at the buccal and lingual surfaces as well as for the total gap (P ≤ 0.05).
Statistical results for internal fit were summarized ( Table 5, 6) . Before heat pressing, there was no statistically fundamental variance between the pattern groups (W and P) (P ≤ 0.05). After heat pressing, a statistically evidential change in fully fabricated crown groups was found. Pp group demonstrated the statistically evidentially highest median gap of 195 μm (138.9-441.5). No statistically fundamental change between M and Pw groups was found, both demonstrated the statistically evidential lowest median gap values (P ≤ 0.05). While for the changes after heat pressing in Pw group, there was a statistically decreasing significance in median gap. Considering the changes after heat pressing in Pp group, no statistically decreasing significance in median gap was exhibited (P ≤ 0.05). showing the internal gap of e.max press crown from milled wax pattern (up: ceramic, down: epoxy resin abutment). 
DISCUSSION
Since fit precision and internal adaptation are main factors affecting the restorations success, 15 this study was aimed to assess marginal gap and internal fit of additive versus subtractive fabrication techniques for posterior lithium disilicate crowns.
In order to standardize the specimen preparation, the preparation was designed and replicated on epoxy resin dies according to preparation guidelines for all ceramic crowns mentioned in the literature. 16, 17 Also manufacturing conditions were standardized by scanning of the epoxy resin dies with the same extra oral scanner and the milling was done with the same milling machine by using a new set of diamond burs. Furthermore, the same operator fabricated all restorations as the dental technician factor could affect the results. 10, 13 In the current study, the crowns were luted to emulate clinical situations as investigation without cement does not match the real clinical condition. 10, 27 However, studies analyzing marginal gap before and after cementation had determined that cement had a negative consequence on the marginal gap that was exaggerated after cementation. [27] [28] [29] The crown fit was evaluated on basis of that the vertical gap assessment is the most critical factor of marginal gap with least liability to post fabrication manipulation, as informed by Holmes et al. in 1989. 22 Various measurements have been derived in many studies analyzing the marginal gap of ceramic crowns. The starring disadvantage of contrasting the different studies results arises from the lack of methodology standardization. 10, 15, 30 In the current study, marginal gap and internal fit were investigated by direct screening on a SEM. This methodology has the vantages of placing samples in a base for standard calibrations and analyzing them under superior magnifying power, a parameter essential for this technique precision. 15 In addition, this methodology minimizes the error chances replica production. 31 To overcome the difficulties of repeating records from an identical angle, 32 in this study experimental restorations were used and positioned on a base to ensure a repeatable measurements from the same point. 10, 13, 15, 23, 25 The measurements number per sample is a variable parameter that differs between studies. It falls between four and more than 100 sites per sample. 25, 32 Nearly 50 sites of measurement per specimen would give an accordant evaluation of the misfit. 25 No criterion for marginal gap measurements needed for in vitro evaluation has been set up, 60 measurements per specimen were obtained in this study to increase number of measurement points and obtain more reliable results.
In terms of margin discrepancy, before heat pressing in comparison to milled wax, 3D printing (P group) gave poorer results of 111.4 μm (80.8-139.7). Our null hypothesis expected that printing technology might be superior to wax milling for the crowns fabrication. However, this study results did not promote this, they reported that additive fabrication technique used in this study showed a lower margin discrepancy than milled wax patterns. This can be explained by limitations related to resin material used in 3D printing which is susceptible to polymerization shrinkage.
The optimum value for the marginal gap and internal fit are still a controversial point, however, they are considered as rudimentary parameters in the clinical long term partial fixed dental prosthesis success. 33, 35 In our study, the crowns obtained by milled e-max blocks showed a marginal gap of 138.4 μm (83. 4-191.8 ) that was within reported marginal gap values ranging from 100-200 μm in other researches [35] [36] [37] and in controversy to McLean and Von Fraunhofer's finding where marginal gap value less than 120 μm is accepted clinically. 11 While both heat pressed crowns from milled wax (40.5 μm [38.2-43.6] ) and additive resin The results of our study illustrated statistically fundamental variance between the marginal fit of CAD/CAM and heat pressed lithium disilicate crowns. The median marginal gap values in the heat pressed groups that were 40.5 μm (38.2-43.6) for Pw group and 27.1 μm (26.3-73.8) for Pp group, were lower than the CAD/CAM group value which was 138.4 μm (83. 4-191.8) . This research results agreed with other studies that claimed lesser marginal gap for the restorations made of heat pressed technique compared to those made of CAD/CAM lithium disilicate ones. [38] [39] [40] However, Guess et al detected no evidential change between the gap of CAD/CAM lithium disilicate (CEREC 3D InLab) and heat pressed onlays. 40 Moreover, Ng et al disclosed lesser gap in CAD/CAM lithium disilicate (LAVA C.O.S. scanning unit) than heat pressed crowns. 41 These conflicts might be explained by the difference in CAD/CAM units, microscopes, and magnifications utilized in their studies and our current study. While Neves et al recorded no fundamental variance in marginal gap between IPS e.max press crowns and IPS e.max CAD crowns fabricated by the CEREC inLab MC XL. 38 For CAD/CAM manufactured restorations, past studies concentrated on internal and marginal fit of lithium disilicate crowns, and both materials gave internal and marginal crown adaptation results within clinically accepted range. 6, 37, 41, [42] [43] [44] [45] [46] [47] [48] In this study, the marginal gap and internal fit values of lithium disilicate crowns gave higher recorded values than those of preceding studies. This may be explained by setting of the spacer thickness at 80 μm used in this study as it is included in the CAD/CAM settings. It has been documented that various settings have an impact on the marginal and internal fit. [49] [50] [51] Mously et al examined the impact of die spacer thickness on restorations fit produced with E4D CAD/ CAM system, and they suggested a spacer thickness of 30 or 60 μm. 37 Hence there is no enough data for the impact of optimum spacer thickness on CEREC crowns fit, further studies should be done to investigate the adequate spacer thicknesses for CEREC crowns fabricated from various materials.
In this study, Pw group (40.5 The factors that might have the major influence on the results are the build direction axes. The stairstepping may have impacted on the dimensional accuracy of the pattern parts. This study showed a variance between titular values and internal fit results. This could be due to distortion of pattern parts during the polymerizing process as it is combined with a lot of heat influencing the interlayer binding which could be dominated by the photoinitiator incorporated in the polymer and by the irradiant exposure situations (power, wavelength, and exposure time/velocity). [52] [53] [54] [55] This in accordance with the results of the margins, as it is the last layer formed and it will be less involved by these factors. In additive fabrication, errors assembled at high curvature areas. 56 This conclusion clarifies the variance between titular values and internal fit results. Moreover, putting into consideration that such group had the heat pressing technique advantages and was avoided the drawbacks of milling phase.
A statistically decreasing significance in median gap was detected in Pw group that was 40.5 μm (38.2-43.6) after heat pressing. While the wax utilized for CAD/CAM is a solid manufactured wax composed by polymerization and is less sensitive to temperature changes 57 and this was not supported by our study that needs to clarify.
Internal gaps values recorded in the current study were 87.5 μm (42.7-269.1), 113.1 μm (71.8-275.7) and 195 μm (138.9-441.5) for M, Pp and Pw groups respectively and all were within the range (200-300 μm) of clinically accepted internal gap for luted restorations. 58 The e.max press crowns generated from additive technique (Pp) showed the statistically significant highest internal misfit. These results were disagreed with those of Fathi et al who found that 3D printed wax crowns showed better accuracy than milled ones with the similar design. 59 Other study reporting that e.max press crowns fabricated from milled wax blocks or additive wax were not evidentially variant. 60 These controversies could be due to the 3D printers nonstandard accuracy, different materials, and techniques used to assess fit accuracy, 3 in addition to the geometrically complex areas of the preparations with curvatures and angels which may be accompanied with low scanning accuracy. 61, 62 Also putting into considerations that the corrugated or sloping surfaces had an adverse effect on the 3D printed patterns accuracy causing higher values of internal discrepancies. 63 While for the changes after pressing in Pw group, there was a statistically decreasing significance in median gap from 272 μm (174.5-375) to 113.1 μm (71. 8-275.7) . This may be due to material behavior during heat pressing that needs further investigation to be explained.
As a limitation of this study, it was contributed only to lithium disilicate material. So, the results can't be shared with other restoration types or restorative materials. The current study contrasted the heat pressing approach to a specific CAD/CAM system, which makes the results irrelevant to other CAD/CAM systems. A standardized fabrication was used to produce the crowns which may not mimic the clinical work where the restoration adaptation could be affected by abutment preparation, impression technique, and cementation. Even though the deficiencies, this study has some optimistic features giving significant information to the field. The marginal gap was recorded at 60 points of each specimen, decreasing calibration errors and allowing the circumferential margin of the restoration to be evaluated with the superior accuracy.
Despite this limitation, the reported data provides researchers with a significant start to direct future clinical research hypotheses. In addition, more studies are needed in three distinct areas: to investigate the ability of achieving these marginal gaps clinically, the impacts of them on the restorations durability and to study marginal accuracy across different restorative materials, finish line designs, and impression techniques.
CONCLUSIONS
The heat pressing fabrication technique after wax pattern milling and 3D resin pattern printing showed the best marginal fit (40.5 μm and 27.1 μm). The heat pressed lithium disilicate crowns obtained by 3D printed patterns was within reported clinically accepted marginal adaptation values. In spite of the highest CAD/CAM fabricated lithium disilicate crowns marginal gap (138.4 μm), they are considered within the reported clinically accepted marginal adaptation values.
